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SUMMARY

An experimentel investigationwasconductedinorderto determine
theporositycharacteristicsofperforatedmaterialsinnormaland
parallelflow. Theresultsofthenormal-flowtestshowedthatthe
porosityofthematerislisgovernedprincipallyby itsopenratio,but
thatdensityhasa slighteffect.Whenthesamematerialwastested
underparallel-flowconditions,theeffectiveporositydroppedmarkedly
asthestreamvelocityincreased.

A newdefinitionisgivenwhichpermitstheconceptofa discharge
coefficienttobe extendedto thecaseofparsllelflow.An essential
featureofthisextensionisthatthedischargecoefficientisbasedon
thetotalvelocityinthedischargejetratherthanon somevelocity
componentnormaltothewall. Dischargecoefficientsweredetermined
forthetestmaterialsforparallel-flowstresmvelocitiesrangingfrom
200to 1,400 fps. Themostimportantparameterindeterminingthedis-
chargecoefficientofthematerfalwasfoundtobe theratioofthestresm
velocitytothejetvelocity.Forthesamevelocityratios,thedischarge
coefficientsatthesupersonicvelocitytestedwerelessthanthosefor
thesubsonicvelocitiestested.

INTRODUCTION

h recentyearstherehasbeena broadenedinterestintheuseofper-
foratedmaterialsforsolvingcertainaerodynamic-flowproblems.Efforts
arenowbeingmadeto obtainsatisfactorywind-tunnelwallsandsupersonic
diffusers(ref.1) throughtheuseofperforatedmaterials.Theseapplica-
tionsrequiretheperforatedmaterialto operateina fluidhavingits
=jor velocitycomponentina planeparallelto thatof thematerial.

l-SupersedestherecentlydeclassifiedNACARM L53H07,“AnExperimental
StudyofPorosityCharacteristicsof PerforatedMaterialsinNormaland
WrallelFIow1’by GeorgeM. Stokes,Dn D.Davis,Jr., and ~omas B. se~ers
1953.
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Sincetheporositycharacteristicsofthematerialmustbe suchthat
.

a desiredoutflowwillbe providedwitha givenpressuredrop,information
isneededto showhowa properwallselectioncanbemade. Althoughsome IJ
limitedinformationisavailablefornormalflow,no suchinformationis
availablefortheparallel-flowcondition.Consequently,thisinvesti-
gationwasconductedinorderto determinesomeoftheflowcharacteristics
ofperforatedmaterialsandto establishwhichquantitiesareofmost
impotianeein.determiningtheporositycharacteristicsofperforated
materials.

SYMBOLS

Ah

A~

M

%

PJ

PE

ro

u/v6

VE

AP

widthoftwo-dimensional

widthoftwo-dimensional

free-streamMachnuber

opening

~et

massflowperunitareathroughperforatedmaterial
.

staticpressurebeneathopening

4
staticpressureinstrean

openratio,ratioof openareaofperforatedmaterialto
totalareaofmaterial

ratioofvelocityatpointinboundarylayerto free-stream
velocity

Jetvelocity,velocitycorrespondingtototal-pressuredif-
ferenceacrossmaterial

componentofvelocitynormalto-perforatedmaterial,%/Ps2
fps

streamvelocity,velocitycomponentparalleltoperforated
material,fps

static-pressuredropacrossperforatedmaterial,Ps - PjJ
lb/sqft

densityoffluidinJet,slugs/cuf%
.

.
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P~ densityoffluidbeforeenteringperforatedmaterial,

. slugs/cuft

0 dischargecoefficient,ratioof jetminimumareato open

area;ingeneral,u. % and,forthespecialcase
~jvjro

ofnormalflow,theapproximateincompressible-flowequa-

3

LPstion a=+ isused

ANALYSIS

Thedeterminationoftherelationshipbetweenthepressuredrop
acrossa perforatedwallandtheflowthroughthewallinthepresence
ofa componentofthestreamvelocitywhichisparallelto thewallpre-
sentsa difficultanalyticalproblem.However,someinsightintothe
natureoftheflowand-the
obtainedby a studyofthe

. flowthroughan openingin

.

~ Vs

parameterswhichcontroltheflowmaybe
two-dimensional,non~isco~~incompressible
a thinwall:

Ps

‘2,Lw/--

Inparallelflow,as innormalflow,theflowisexpectedto issue
fromtheopeningintheformofa jetoffluid.Thefreestreamlinesat
theouteredgesofthe jetareat a constantpressureand,therefore)at
a constantvelocity.Ifthestagnationpressureandtemperatureinthe
freestreamarelmown,andifthepresswebeneaththeoPeniWis~o~~
thevelocityVJ canbe calculated.Inorderto determinetheflow

throughtheopening,theonlyfurtherquantityrequiredisthewidthof
thejetbeneaththeopening.

Theproblempresentedby thetypeofflowshowninthepreceding
5 sketchhasbeensolvedinreference2 inconnectionwiththedesignof

freestreamlinesuctionslots.Theratioof jetwidthto openwidthis
foundtobe a functionoftheexitvelocityratio ‘sPi alone.

.
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Fornormalflow (VS= O),thedischargecoefficientisdefinedas
.

theratioofthejetareato theopenarea.By an etiensionofthis
definition,theratioof jetareato openareaintheparallel-flowcase
(V6> O) willbe definedhereasthedischargecoefficientforparallel

.

flow. Itis importantto notethatthisdischargecoefficientisrelated
tothetotalvelocityVJ ratherthanto thevelocitycomponentwhichis _.
nomal tothewall. It isevidentthat,astherateofoutflowthrough
theopeningisreduced,thejettillbe inclinedtowardthewalluntilin
thelimit,astheoutflowapproacheszeroand VJ approachesV6,thejet
willbe parallelto thewallandtheJetwidthwillbe zero.Thus,itis
inherentinthenatureoftheprecedingdefinitionforthedischargecoef-
ficientthat,astheoutflowapproacheszerointheparallel-flowcase,
thedischargecoefficientwillalsoapproach_zero.Conversely,ifthe
streamvelocityisincreased,withtheoutflowheldconstsmt,thedis-
chargecoefficientwillbe reduced.As v6pJ increasesfromO to 1,
thedischargecoefficientdecreasesfromthenormal-flowvalueto zero.
At a givenfixedvalue(otherthanzero)ofthefree-stresmvelocity,if
a verysmallquantityofflowisremovedthroughtheopening,thedis-
chargecoefficientwillbe verysmall,but,asthejetvelocityVj is
increased,thedischargecoefficientwillalsoincrease.

● -
Theseresultsfortwo-dimensional,nonviscous,incompressibleflow

Givesomeinsightintotheprobablenatureo:theOUW1OWthrougha per-
foratedwall, Thedisch~gecoefficientwouldbe expectedtobe lower”’“- ~
forparallelflowthanfornormalflow.Furthermore,theexitvelocity
ratiowouldbe expectedtobe theprimaryparametercontrollingthemagnit-
ude of thedischargecoefficient.

Althoughthenatureofthisflowdictatesthatthedischargecoef-
ficientbe relatedtothejetvelocity,thedesignerinmostcaseswill
be interestedprimarilyintheaveragevelocitynormaltothewall. For
a perforatedwall,therelationshipbetweenthisoutflowvelocityandthe
pressuredropisregardedasthe“effectiveporosity”ofthewall. Thus,
it isof interestto determinehowthestatic-pressuredroprequiredto
obtaina fixedoutflowisaffectedby an increaseinthestreamvelocity.
An analysisofthisproblem,basedonthetwo-dimensionaltheory,shows
thattherequiredpressmedropincreasesrapidlyasthestreamvelocity
isincreased.Thus,an increaseinthestreamvelocitywouldbe expected
to resultina decreaseintheeffectiveporosityofa perforatedwall.

Becausethethiclmessofmostcommercialperforatedmaterialsisof
thesameorderofmagnitudeastheholediameter,thewallscannotactually
be consideredtobe infinitelythin,aswasthecaseinthepreceding
analysis.Theactualflowpatternisprobablysimilartothatindicated
inthefollowingsketch:
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Stagmationpoint

Withthistypeofflow,thedischargecoefficientwillagainbe a
functionof V~/V~ andtheeffectofparallelflowontheeffective
porositywillbe qualitativelysimilartotheeffectfoundintheanaly-
sisofthethinwall.

APPARATUS

Theperforatedmaterialusedformakingthesetestswasa 2-inch-
squarepieceof0.03~-inch-thickPlexiglas.ThePlexiglaswasbondedto a
supportingbasemadeofl/2-inchlengthsof 0.060-inch-outside-diameter
and0.050-inch-inside-diameterMoneltubingstackedparallelandbonded
togetheras closelyaspossible.ThePlexiglastopwasmadeporousby

drilling smallholesoverthecentersofthe0.050-inchholesinthe
supportingbase. Figure1 showsa photographofthisperforatedmaterial
mountedin itstestblock.Theporosityofthematerialwaschangedby
redrillingtheholesinthePlexiglastopto successive~largerdiam-
eters,thenumberofholesbeingkeptconstant.Thediametersofthe
holestestedwere0.0190,0.0247,0.0260,0.0287,0.0360,and0.0350inch.
Thesevalueswereobtainedbymeasuringseveraloftheholedimnetersto
thenearest0.0002inchandby takingtheaverage.ThebaseoftheMonel
tubingwasusedprincipallytoprovidea rigidbackingforthe2-inch-
squareporoussurfaceandtopreventcrossflowunderthesample.

Figure2 isa schematicdrawingof thearrangementoftheequipment
usedformakingnormal-flowtests.ThetwoflowmetersusedwereFischer
and
The
the

PorterFlowatorshavingrangesfrom6 to60 and50to 300cu ft/min.
settlingchsmiberwasconstructedsothatuniformflowwasinducedin
3-by 5.8-inchsectionjustaheadoftheperforatedmaterial.~ aircraft
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superchargerfurni6hedthesuctionre@red fortheexperiments. Fig-
ure3 isa photographofthecompletenormal-flowtestappsratus. *.–

A 3-inch-squaresupersonictunneldesignedfora Machnumberof 1.3
wasusedformakingparallel-flowmeasurements.Thistunnelwasoriginally
designedtohaveporouswallsinstalledjusttotherearofthesupersonic
nozzleinorderto studywave-reflectionproblems.Forthesetests,how-
ever,thebottomporouswallwasremovedand_the2-inch-squareperforated
materialwasinstalledin itsplace.Theairexhaustedthroughtheper-
foratedmaterialwasdxawnintoa meteringlineincorporatinga settling
chamberandflowmeter.Itthenjoinedtheairexhaustedthroughthetop
porouswallbeforeenteringthesuctionsupply.Figure4 showsa schematic
drawingof theparallel-flowtestconfiguration.Figure> isa photograph
oftheperforatedmaterialmountedinthetestsection.

TESTS

Normal-flowtestsweremadeforsixdifferentopenratiosof0.087,
0.148, 0.163, 0.200, 0.315, ~do.~p. The-basicmeasurementstakenwere
thoseofpressure&ropacrossthematerial,maSS flowthroughthematerial, .
andairtemperatureandpreBsurebeforeenteringthematerial.

Parallel-flowmeasurementsweremadeforthefouropenratiosof v
0.148,0.200,0.315,sndo.365. Themeasurementstakenwerethesameas
thosefornormalflowinadditiontothestagnationandstaticpressure
of theparallelflow.Datawereobtainedfortheapproximatepsrallel-
flowMachnumbersof0.2,0.4,0.6,0.8,and1.3foreachopenratio.

Ikmndsry-layersurveysweremade0.06inchupstreamof and1.87inches
downstreamoftheupstreamedgeofthe36.5-Percent-openperforatedmate-
rialata Machnmnberof 1.3.

RES~TSANDDISCUSSION

NormalFlow

Theresultsofthenormal-flowtestsarepresentedinfigures6 to 9.
Figures6 and7 showgraphicallythemannerinwhichtheratio D/ps

fortwodifferentvaluesof ps varieswiththevelocitynormaltothe
perforatedmaterial.ThefactthatthecuxvesforequaloPenratiosme —. —
notidenticalindicatesthatthereissomechangeintheporositycharac-
teristicsdueto a variationin ps. Theslopesofthecurvesinthese .
logarithmicplotsShowthatthepressuredropvariesapproximatelywith
thevelocitysquared. .
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A carefulanalysisofthedataonthebasisofReynoldsnumber(based
onholediameter)showedthatthedischargecoefficientwasapproximately

. constantforthehighReynoldsnumberstestedbutdroppedoffforlowRey-
noldsnumbers.Theseresultsareconsistentwiththoseshownfornozzles
inreference3. TheReynoldsnumbersatwhichthedischargecoefficients
forthedatapresentedinthispaperbeganto dropoffwillbe calledthe
“tolerancelimit”tobe consistentwithdatashowninreference3. When
thevelocityusedforevaluatingtheReynoldsnuder exceededa Machnum-
berofapproximately0.4,thedischargecoefficientsbeganto droT,thus
indicatinganeffectof compressibility.Theslopechangesfoundineach
curvedescribingtheporositycharacteristicsofthematerial(figs.6
and7)areresultsofthechangingdischargecoefficients.Thecalibra-
tionsatthehigherdensity(fig.7)do notreflecttheReynoldsnumber
andMachnumbereffectsasnoticeablyasthoseatthelowdensitybecause
ofthechangeinrangeofflowconditionstested.

Inorderto showa generaleffectofdensityonthedischargecoef-
ficient,an averageof coefficientsforeachcalibrationshowninfigures6
and7 wastakenandplottedinfigure8. Thesecurvesshowthattheden-
sityhasa definiteeffectonthedischargecoefficient,inadditionto
showingthatthereisnoappreciablechangeinthedischargecoefficient
asa resultof changingtheopenratioorholediameterfortherange

. investigated.Sincethisdensityeffectwasunexpected,thebasicdata
werecarefullychecked.No reasonwasfoundto doubttheexistenceof
thedensityeffectshown.ThedenEityeffectwasfoundtobe constant, withchangesinReynoldsnumberandMachnumber,providedtheReynolds
numberwasgreaterthanthetolerancelimitandtheMachnumberwasless
than0.4.

Someofthedataoffigure6 havebeencross-plottedtoformfig-
ure9 whichshowsthatthenormalvelocityisa linearfunctionofthe
wallope~ratio.Sincethedataforthesecurveswereobtainedfrom
materialswhoseholediametersvariedby a ratiogreaterthan2 to 1
andsinceno slopechangessreshowninthecurves,aswouldbe expected
iftheholediametershadan effect,itisreasonedthattheholediameter
hadlittleor no effectindeterminingtheporositycharacteristicsofthe
materialtested.Thesefactsaresignificantinthattheyshowthatit
ispossibletopredicttheporositycharacteristicsofa givenmaterial
iftheopenratioisknown.Theseresultsarevalidwithintherangeof
flowvariablesusedto obtainthedatainfigure9. Ifa similarcross
plotweremadeby usingthehigh-densitydata,theslopesofthesecurves
wouldincrease;thisresultisconsistentwiththeresultsshownin
figure8.

.

*
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To summarize,theresultsofthenormal-flowtestshowthat(1)the
pressuredropacrosstheperforatedmaterial_vsriesapproximatelywiththe .
velocitysquared,(2)thedischargecoefficientappearstobe a function
ofdensity,and(3)whenconsideringsmallchangesinholedisneter,the
porositycharacteristicsarea functionoftheopenratioofthematerial
andnota functionoftheholedimeterjprovidedtheReynoldsn~ber
rangedoesnotfallbelowthetolerancelimitandcompressibilityeffects
arenotencountered.

ParallelFlow

Resultsshowingthecharacteristicbehaviorofthe~erforatedmaterial
inparallelflowmaybe foundinfigures10to 12. A comparisonofthe
curvesinfigure10withthoseoffigure6 showsthattheeffectiveporos-
ityofthematerialat M = 1.3 hasdroppedmarkedlybelowthatfora
normal-flowcondition.Thisphenomenon,however,isnot6Urpris@,since
thetwo-dhnensionalanalysispreviouslydiscussedindicatedthatsuchan
effectmightexist.Noeffortwasmadeto computethedegreeofthe
porositydropinparallelflowona theoreticalbasis,sincethemluence
of suchfactorsasboundarylayer,holedepth>andJetmixingcofidnotbe
determined.Theslopesofthecurvesdescribingtheparallel-flowcharac- +
teristicswerefoundto falloffwithincreasesintheparallel-flow
velocitysothat,whena Machn@er of1.3 isreached,thepowertowhich
thevelocityaffectsthepressuredropisapproximately1.3. Thisfacti$ “
of considerablehaportancewhendealingtithproblemsconcernedwiththe
selectionofa wallforthereductionofshock-wavereflections.

Inorderto showmoregraphicallyhowpsrallel-flowvelocitypast
theperforatedmaterialvariesthepressure-dropcharacteristics,fi~e U.
ispresentedforfouropenratiosandforan outflowvelocityVn of
30 fps. Althoughthetrendsofthecurves@resimilarinthata progres-
sivelyincreasedpressure-densityratioAp/P$ isrequiredas stream
velocityincreases,severelossesintheholesareindicatedforthelower
openratiossothata verylargeincreaseinpressureisrequiredtomain.
taina constantoutflow.Forexsmple,fora constantpressure-densityratio
of ~ x 103anda constantnormalvelocityof~ fps,it isfoundinthe
normal-flowcurvesoffigure9 thatanopenratioofabout12percentfs
required.Forthesameconditions,thewallinparallelflowisrequired
tobe about15percentopenat100fpsstresmvelocityorabout30per-
centopenat Vs = 900fps. Thetheoreticalconsiderationpreviously
discussedindicatedthatthistypeofphenomenonshouldoccur.Thecurves
havebeendashedinthetransonic-speedrangeinorderto indicatethat
theremaybe someporositybehaviordifferentfromthatshownbythecurve
fairings.Limitationsofthetestequipmentpreventeddatafrombeing
takenthroughthistransonicrange.

.
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Thecharacteristiccurvesoffigure12 describemorefullytheper-
formanceofperforatedmaterials.Theseplotsshowthemannerinwhichthe. dischargecoefficienta varieswiththevelocityratio ‘SPj” clOse
inspectionofthecurvesshowsthatthereispracticallyno difference
inthegeneralporositycharacteristicsfortheopenratiosof O.1~,
0.203,and0.315. Thelargestratio,0.365,differsfromtheothers
onlyinthatithasa slightlyincreaseddischargecoefficientinsub-
sonicflow.

The jetvelocityVj fortheseplotswasdeterminedby takingthe
ratioofthestaticpressurebelowthewallto thestreamtotalpres6ure
andcomputingtheMachnumberandlocalspeedof soundon thebasisof
isentropicflow. It 6houldbe understoodthatthismethodoftreatment
isexa@ onlyforthinwalls;consequently,allowancesmustbe madewhen
theholedepthexceedssomelengthwhichcausesthepressureatthetop
oftheholeto differgreatlyfromthatatthebottom.

Curvessuchas thesedescribingthecharacteristicsofperforated
materialsinpsrallelflowareof considerableaidtothedesignerwho
wishesto selecta materialhavingcertainporositycharacteristicsfora
givensetof conditions.Forinstance,thewind-tunneldesignerIMydesire
a walltohavea certainoutflowvelociw Vn witha specificpressure
drop. ~ usingthestreamI&chnw?iber,temperature,andtotalpressure,
alongwiththedesiredvalueof N?,a theoreticalJetvelocityV~ and

streamvelocityVs cm be computed.Withthecomputedvalueof VSIVJY
thedischsrgecoefficientof thematerialforthepsrticulszstreamcon-
ditioncanbereadfromoneofthepsrallel-flow-characteristicscurvesof
figure1-2.Theopenratio r. maynowbe computedfromtheexpression

In
greatly

theeventthata
inthicknessand

p6vn
r=—0 pjvjG

designermustusea mater~althatdiffers
holediameterfromthematerialusedinthese

calibrations,theresultspresentedmaynotenablehimto predictexactly
thecharacteristicsofthematerislbuttheywillafforda firstapproxi-
mation.Forprecision,thematerialselectedonthebasisofthisfirst
approximationshouldbe calibratedanda curvesimilarto thecurvesof
figure12 shouldbe preparedforuseinthenextapproximation.Good
resultsshouldbe obtainedby usingthistechniqueformaterialselection.

.

.



10 NACATN 3085

BoundaryLayer

Velocityprofilesoftheboundarylayerfortwosuctionconditions
areshowninfigure13. Thesedataweretakenforthematerialhaving
an openratioof0.365(0.03g0-inch-diameterholes)at a Machnumberof
1.3. An inspectionofthesedataindicatestworesults:(1)forno
suction(zeropressuredifference),theboundary-layerdisplacementthick-
nessdecreasesand(2)analmostcompletebleedingoftheboundarylayer
fromthetestspecimenoccurswhena pressuredifferenceof 120lb/sqft
isapplied.A comparisonofthetwolowercurvesof figure13forzero
pressuredifferenceindicatesthattheboundary-layervelocityincreases
rapidlyovertheperforatedsection.Thefactthat,withno suction,the
boundary-layerdisplacementthicknessappearstobe lessat thel.87-inch-
downstreamstationovertheperforatedmaterialthanatthe0.06-inch-
upstreamstationindicatesthattheremayhavebeensomeoutflowthrough
thematerial.Althoughthestaticpressurebeneaththematerialwas
setequalto thefree-streamstaticpressure,a portionof streamtotal
pressurecouldhavebeenrecoveredinthelocalizedpositionsofthe
individualholesandcausedsomeofthebouhdarylayertomovetlmough
theholes,thusaccountingforthereductioninboundsry-layerthickness.
Thecurveobtainedwhensuctionisappliedrevealstherapiditywithwhich
theboundary-layerthicknessreduces.Althoughno dataweretakenata
stationjustdownstreamofthefirstfewrowsofholestodeterminethe
boundary-layerdisplacementthicknessatthispoint,it isconceivable
thattheboundarylayerbecomesverythinjustdownstreamof theinitial
outflowstation.-Theseboundary-layerprofileserepresentedprincipally
to givethereadersomeideaaboutthetypeof flowexistingimmediately
overtheporousmaterial.

CONCLUSIONS

Resultsfroman experimentalinvestigationto determinetheporosity
characteristicsofperforatedwterialsfornormalandpsrallelflowindi.
catethefollowingconclusions:

1.WithincertaintolerancelimitsofReynoldsnumberandMachnum-
ber,thepressuredropthrougha perforatedmaterialinnormalflowvaries
approximatelywiththesecondpowerof thevelocitynormaltotheperforated
materialVn. Inparallelflowata Machnumberof 1.3,thepressuredrop
variesapproximatelywiththe1.3powerOf Vn.

2. The openratioistheimportantfactorindeterminingtheporosity
characteristicsformaterialsinnormalflow.Theholediameterhaslit-
tleorno effectontheporositycharacteristicsintherangesofvaria-
blestested.

3. Loweringthedensityofthefluidovertheperforatedmaterial
causesa smalldropinthenormal-flowdi6chargecoefficient.

.

—

.

.

.
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4.Thepressuredifferencerequiredto obtaina givenconstantout.
flowincreasesrapidlya6theparallel-flowvelocityisincreased.

5.Theprimarypmametergoverningthedischsrgecoefficie~tof the
perforatedmaterialinperallelflowistheratioof streamvelocityto

I
jetvelocityV~ Vj.

6.Curvesdescribedby plottingthedischmgecoefficientagainst

/
v~ Vj canbe usedto selecta perforatedmaterialhavingcertaindesired
porositycharacteristics.

LangleyAeronauticalLaboratory,
NationalAdvisoryCotitteeforAeronautics,

LangleyField,Vs.,August4, 1953.
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Figure 9.- Cross plots showing relationshipbetween open ratio and
velocity normal to porous material for three different AP/p ratios.

s
ps = O.cwg slug/cu ft.
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Figure11..Curvesshowi~themannerinwhich 2P/p~ varieswithparallel-
flowstreamvelocityforfourperforated-materialopenratioswitha
constantnormalvelocityof30 fps. Symbolsindicatecross-plotpoints.
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